We designed a mini tower fermentor that is suitable to perform adaptive laboratory evolution (ALE) with gravity imposed as selective pressure, and suitable to evolve a weak flocculating industrial brewers' strain towards a strain with a more extended aggregation phenotype. This phenotype is of particular interest in the brewing industry, since it simplifies yeast removal at the end of the fermentation, and many industrial strains are still not sufficiently flocculent. The flow of particles (yeast cells and flocs) was simulated, and the theoretical retainment advantage of aggregating cells over single cells in the tower fermentor was demonstrated. A desktop stereolithography (SLA) printer was used to construct the mini reactor from transparent methacrylic acid esters resin. The printed structures were biocompatible for yeast growth, and could be sterilised by autoclaving. The flexibility of 3D printing allowed the design to be optimized quickly. During the ALE experiment, yeast flocs were observed within two weeks after the start of the continuous cultivation. The flocs showed a "snowflake" morphology, and were not the result of flocculin interactions, but probably the result of (a) mutation(s) in gene(s) that are involved in the mother/daughter separation process.
Introduction
The use of evolutionary methods is a more "natural" approach to enhance the attributes of microorganisms, in contrast to genetic modification which has so far precluded its commercial use due to the low consumer tolerance for genetically modified organisms [1, 2] . Evolutionary methods can be applied even before the genetic elements and their global interactions required for optimal performance by an organism are understood. Recently, artificial laboratory selection of microbial cells has been introduced to generate potentially robust and optimised microbial production systems [3, 4] . Adaptive laboratory evolution (ALE) strategies allow for the metabolic engineering of microorganisms by combining genetic variation with the selection of beneficial mutations in an unbiased fashion [5] . A number of investigations have demonstrated the feasibility of directing evolution in natural Saccharomyces pastorianus hybrid stains in order to create variant strains with improved functional properties [6] . Such investigations have focused on adaptation to very high-gravity brewing conditions [7] [8] [9] , associated stresses (such as osmotic stress and ethanol toxicity) [10, 11] , or the modification of the production of flavour compounds [12] . ALE has also been utilised to enhance the fermentation rate of S. cerevisiae with decreased formation of acetate and greater production of aroma compounds [13, 14] . WL (Wallerstein Laboratory) nutrient agar was used to differentiate between colonies by morphology variations [35, 36] . The medium contained 7.5 g WL nutrient agar per 100 mL deionized water. The cell suspensions were diluted to 10 × 10 6 cells/mL with sterile deionized water. Four droplets of 1 µL of the diluted suspension were spotted on each plate.
Determination of Cell Concentration and Growth Rate
The cell concentration was determined by cell dry mass (CDM) and optical density (OD) measurements. For CDM measurements, a sampled cell suspension of 3 mL was filtered with a 0.45-µm filter (Type HVLP, Millipore ® , Darmstadt, Germany), and the filter was washed with deionised water. The filter was dried at 80 • C until the mass remained stable. The difference in mass between the filter before and after filtration gave the cell dry mass (CDM) concentration (g·CDM/L). For the OD measurements, absorption of the cell suspension was determined at a wavelength of 600 nm. Biomass measurements were performed in triplicate, and the standard deviation was calculated to represent the error bars. First-order growth kinetics was used to fit the exponential part of the growth curve and to determine the maximum specific growth rate.
Flocculation Assay
The assay was based on the method of D'Hautcourt and Smart [37] , with slight modifications. Cells were grown for 24 h in 20 mL YPD. The cell suspension was centrifuged (4000 rpm, 3 min), and the medium was discarded. Subsequently, the cells were resuspended in an equal volume of EDTA-buffer to chelate the Ca 2+ -ions and deflocculate the yeast flocs. The OD 600 nm -value of the suspension was determined, and such a volume was transferred to an Eppendorf tube to ensure an OD 600 nm -value of 10 in 1 mL. EDTA (ethylenediaminetetraacetic acid)-buffer (50 mM EDTA, pH 7) was added until a final volume of 1 mL was acquired. A sample of 50 µL was taken 0.5 mL below the meniscus, and the sample was diluted 20 times in a 1.5 mL cuvette with EDTA-buffer. The tubes were centrifuged (4000 rpm, 3 min), and the supernatant was discarded. The cells were resuspended in 1 mL flocculation buffer A (3 mM CaSO 4 ). The last step was repeated, but the cells were resuspended in flocculation buffer B (3 mM CaSO 4 , 83 mM CH 3 COONa, 4% v/v ethanol, pH 4.5). The tubes were shaken horizontally at 100 rpm for 10 min. Prior to taking 50 µL samples 0.5 mL below the meniscus, 3 min of sedimentation in a vertical position took place. The sample was diluted 20 times with EDTA-buffer in a 1.5 mL cuvette. The absorbance of both suspensions in the cuvettes was determined, and the related flocculation percentage was calculated:
with OD EDTA as the OD 600 nm -value of cells in EDTA-buffer, and OD Flocculation buffer the OD 600 nm -value of cells in flocculation buffer B.
Biocompatibility Assay
A commercial resin (Clear Resin GPCL02, FormLabs, Somerville, MA, USA) composed of a mixture of methacrylic acid esters and photoinitiators was used to print the mini reactor. To ensure that this resin had no negative effect on the growth of yeast cells, a biocompatibility assay was performed. Therefore, four sterile Erlenmeyer flasks were filled with 50 mL YPD. Prior to adding a piece of resin to two of the four flasks, the pieces were rinsed with soap water, ethanol, and sterile water. Afterwards, all flasks were inoculated with 4 mL of a preculture of the S. cerevisiae BY4742 strain in such a way that a final OD 600 nm -value of 0.2 was reached. The flasks were incubated at 30 • C and shaken at 120 rpm. Every two hours, a 1 mL sample was taken from each flask, and the cell concentration was determined.
Mini Tower Fermentor Design and Construction
The mini tower reactor was designed in COMSOL Multiphysics 4.4 (Stockholm, Sweden). The bioreactor had a high-aspect-ratio (beer depth divided by the inner diameter) of around 8:1, which is based on the APV tower fermentor that was used to produce lager and ale beer in the 1960s [30, 31, 38, 39] . The inlet tube had an inner radius of 1 mm and a length of 18 mm; the outlet tube had an inner radius of 2 mm and a length of 25 mm; both contained barbs to facilitate the attachment of the silicone tubing. The bottom of the vessel was conical with a bottom inner radius of 0.7 mm, a top radius of 5.5 mm, and a wall thickness of 1 mm ( Figure 1F ). The mid cylindrical part was 88 mm high and had an inner radius of 5.5 mm. Another cone connected the cylinder to the reactor head. This cone had a bottom inner radius of 5.5 mm, a top inner radius of 11 mm, and a height of 11 mm. A conical opening was incorporated in the reactor head with a bottom radius of 7.5 mm, a top inner radius of 9 mm, and a height of 20 mm. The dimensions of this opening fitted a silicone stopper that was pierced with a hypodermic needle (sharp 18G, 150 mm, Samco, Surrey, UK), allowing the reactor to be aerated at the bottom cone.
The benchtop SLA 3D printer Form 1+ (Formlabs, Somerville, MA, USA) was used to construct the bioreactor. The COMSOL Multiphysics design was exported as an "stl" file and imported in the printing software PreForm 2 (Formlabs, Somerville, MA, USA). A layer thickness of 0.05 mm was selected for the printing job. Supports settings were: a density of 1, point size of 0.6 mm, and selection of no internal supports. The reactor was oriented with the top of the reactor towards the base, under an angle of 20 • around the z-axis. The printed structure was shaken gently in two consecutive isopropanol baths, and was sterilised by autoclaving (121 • C, 20 min).
In preliminary experiments, the design was optimised by performing short-term cultivations with a strong flocculating yeast strain (BY4742 [FLO1] ). The design adaptations are illustrated in Figure 1A -F). The medium was fed through the bottom inlet, and was disposed through the middle outlet. To prevent flocs from sedimenting through the inlet tube, the inner radius of the inlet was decreased to obtain a higher medium inlet velocity ( Figure 1B-F versus A) . In the initial designs ( Figure 1A -D), a gas outlet was present at the top of the reactor. To enhance the medium flow through the reactor, this outlet was removed in the final design, and gases were removed via the liquid outlet. The inlet and outlet were modified by printing of barbs at the outsides, which allowed the silicone tubing to be attached strongly using plastic straps ( Figure 1G ). The bottom of the vessel was conical, which facilitated sedimentation and fluidisation of the yeast flocs. The body of the reactor was a long cylinder. The wider cylindrical reactor head was connected to the body by another cone to avoid floc retention within the reactor head. Therefore, the length and slope of this cone was increased from the second design on. A conical opening was incorporated in the reactor head and fitted with a silicone stopper. This allowed the reactor to be gently aerated and fluidised from the bottom by piercing the silicone stopper with a long needle. 
The benchtop SLA 3D printer Form 1+ (Formlabs, Somerville, MA, USA) was used to construct the bioreactor. The COMSOL Multiphysics design was exported as an "stl" file and imported in the printing software PreForm 2 (Formlabs, Somerville, MA, USA). A layer thickness of 0.05 mm was selected for the printing job. Supports settings were: a density of 1, point size of 0.6 mm, and selection of no internal supports. The reactor was oriented with the top of the reactor towards the base, under an angle of 20° around the z-axis. The printed structure was shaken gently in two consecutive isopropanol baths, and was sterilised by autoclaving (121 °C, 20 min).
Mini Tower Fermentor Mathematical Modelling
To evaluate the effect of gravity as selective pressure within the mini tower reactor, fluid flow and particle tracing simulations were performed in COMSOL Multiphysics 4.4 by selecting the Fluid Flow (Single-Phase Flow, Laminar Flow) and the Particle Tracing for Fluid Flow physics. Water at 20 • C was selected as the working liquid (density 999.62 kg/m 3 , dynamic viscosity 0.001 Pa·s). Laminar fluid flow through the reactor was simulated with laminar inflow as boundary condition at the inlet. An inlet flow rate of 1.47 mL/h (with an entrance length of 5 cm) was employed, which was in agreement with the initial flow rate of the actual experiment (see Section 2.7). Pressure (atmospheric pressure) was selected as the boundary condition at the outlet, and backflow was suppressed. Physics-controlled mesh was selected as mesh settings with normal element size. Particle Tracing for Fluid flow was used to calculate the motion of the particles in a background laminar fluid flow. Three thousand particles were released at the inlet, with a random diameter between 3 µm and 70 µm. This range includes the size of planktonic cells as well as small yeast flocs. The density of the particles was set at 1117 kg/m 3 , which is the average of values found in the literature [40] [41] [42] [43] . The particles were released at the inlet (bottom) of the reactor. The forces acting on the particles are the drag force of the fluid and the gravity force.
Experimental Set-Up
A fermentation vessel (5 L) (BioFlo III, New Brunswick Scientific, Edison, NJ, USA), which was aerated, agitated at 137 rpm, and heated to 32 • C, was used as medium reservoir, and connected to the mini tower fermentor inlet with silicone tubing ( Figure 1G ). The peristaltic pump of the BioFlo III fermentor was used as feeding pump. This pump was initially set at a flow rate of 1.47 mL/h, which corresponds to a dilution rate of 0.11 h −1 . A silicone stopper was inserted in the mini reactor head and was pierced by a needle to reach the bottom of the reactor. The needle was connected to an aquarium pump to aerate the reactor. The outlet of the reactor was connected to a four-port manifold. Each outlet of the manifold was connected to a needle head. This needle was pierced through a silicone stopper, which was put in a 15-or 50-mL Falcon tube. The manifold enabled fast and simple exchanging of the outlet reservoir. The four Falcon tubes were permanently kept on ice. Inoculation was performed by piercing a syringe through the silicone stopper and ejecting the inoculum directly into the mini reactor.
Results

Simulation of Single Cell and Cell Aggregate Behaviour in the Mini Tower Fermentor
A tower fermentor is suitable to exploit gravity as selective pressure in evolution experiments, since aggregates will be retained preferentially in the reactor compared to single cells. The selective pressure within the tower fermentor was evaluated by particle tracing simulations in COMSOL Multiphysics. Only particles with a diameter smaller than approximately 11 µm were able to reach the top of the reactor (Figure 2 ). This corresponds to single cells or possibly a complex of two or three cells. According to the calculations, it is very unlikely for larger particles (such as flocs) to reach the outlet of the reactor. Over a longer period of time, this would result in an amplification of flocculating cells within the fermentor. Cells are also retained at the locations of the conical structures. These simulations do not take into account the upward air flow or CO 2 release by the cells during cultivation, which will increase the flow through the reactor. As experimentally demonstrated (see further), these latter conditions also result in a higher probability of cell aggregate retention in the reactor.
Figure 2.
Particle tracing in a 3D-printed bioreactor using COMSOL Multiphysics. The distance travelled from the reactor entrance is plotted against the cell particle diameter.
Biocompatibility Assay
To ensure that the used resin for the construction of the reactor did not have any negative effects on the growth of the obtained yeast strains, a biocompatibility assay was performed. The S. cerevisiae BY4742 strain was grown in the presence and absence of a printed structure. The printed resin material had no effect on the growth of the yeast cells (see Appendix A: Figure A1 ). The maximum specific growth rate in the presence and absence of the resin material were comparable (0.21 h −1 and 0.22 h −1 , respectively), indicating the yeast growth biocompatibility of the polymeric material.
Adaptive Evolution during Continuous Operation
The mini tower fermentor was used for an evolution experiment with the intention of obtaining a more flocculent phenotype of an industrial brewer's strain. The strain was characterised by a very low flocculation percentage (4% ± 6%). The conditions inside the tower fermentor were monitored by sampling at the exit, and by measuring the pH and cell density (Figure 3) . The cultivation was initiated with a dilution rate of approximately 0.1 h −1 . The cell concentration visibly increased inside the reactor over time. The dilution rate was increased in steps to avoid wash-out and selectively retain larger cell aggregates. The dilution rate was doubled after seven days, which resulted in an increased biomass concentration. The dilution rate was further increased up to 0.4 h −1 . At this rate, a dense yeast slurry containing cell aggregates was present in the reactor. The experiment was ended after 14 days of continuous culture when a dense yeast slurry could be visually observed in the reactor.
The yeast population was subsequently examined by optical microscopy ( Figure 4 ). The presence of multicellular yeast flocs was observed. The morphology of the flocs can be described as "snowflake" aggregates. Yeast cell clusters with a comparable morphology have been recently described [44] [45] [46] . The evolved cells were plated out on WL nutrient agar, which can be used to detect morphological differences between strains [36] . The population at the start, and after seven and fifteen days were compared ( Figure 5 ). The CMBSVM22 strain possesses the FLO11 gene required for invasive growth [32, [47] [48] [49] , which could clearly be seen on the bottom of the plates. The morphology of the colonies differed after 14 days, the same time when the snowflake flocs were observed. Most likely, a mixture of multicellular clusters and single cells was spotted, causing the presence of radial differences in colony colour. A flocculation assay was attempted, but the aggregates could not be deflocculated by adding deflocculation buffer. Deflocculation was also not successful after sonication and heating up to 90 °C during 15 min in the presence of 8 M urea. Particle tracing in a 3D-printed bioreactor using COMSOL Multiphysics. The distance travelled from the reactor entrance is plotted against the cell particle diameter.
Biocompatibility Assay
Adaptive Evolution during Continuous Operation
The yeast population was subsequently examined by optical microscopy ( Figure 4) . The presence of multicellular yeast flocs was observed. The morphology of the flocs can be described as "snowflake" aggregates. Yeast cell clusters with a comparable morphology have been recently described [44] [45] [46] . The evolved cells were plated out on WL nutrient agar, which can be used to detect morphological differences between strains [36] . The population at the start, and after seven and fifteen days were compared ( Figure 5 ). The CMBSVM22 strain possesses the FLO11 gene required for invasive growth [32, [47] [48] [49] , which could clearly be seen on the bottom of the plates. The morphology of the colonies differed after 14 days, the same time when the snowflake flocs were observed. Most likely, a mixture of multicellular clusters and single cells was spotted, causing the presence of radial differences in colony colour. A flocculation assay was attempted, but the aggregates could not be deflocculated by adding deflocculation buffer. Deflocculation was also not successful after sonication and heating up to 90 • C during 15 min in the presence of 8 M urea. 
Discussion
A 3D-printed reactor was created, based on an industrial tower fermentor. The reactor is characterized by a high aspect-ratio, which creates a gravity-based selective pressure: single cells have a higher probability to be washed out than cell aggregates, as the denser aggregates tend to sediment faster. Consequently, this reactor type ensures excellent conditions for strain evolution towards a more aggregative phenotype.
We used a commercial physics modelling software package that includes 3D modelling tools. The created 3D model can be exported as an "stl" file that was imported in the print program. The flow of particles such as yeast cells and flocs in the 3D model of the tower fermentor was calculated with the modelling software. In silico simulations confirmed the gravity-based selective pressure in the reactor, and the theoretical retainment advantage of aggregating cells in the reactor was demonstrated.
The employment of 3D-printing for the development of a bioprocess has several advantages. As demonstrated in this contribution, the flexibility of adapting the design allows the design to be optimized quickly. Depending on the selected print resolution, the mini reactor can be printed in a few hours (4-7 h). The used commercial resin is biocompatible, and the printed structure can be autoclaved. We selected transparent resin, which allowed visual observation of the content.
A long-term continuous cultivation experiment was performed to improve the flocculation characteristics of a brewer's ale strain. Cell flocculation is of particular interest to the brewing industry, since it simplifies yeast removal at the end of the fermentation [29] . Still, many industrial brewing strains show no adequate flocculation. ALE is an interesting method to adapt the strain, since genetic manipulation-which is not allowed in the manufacture of products for human consumption-is not involved. At the end of the evolution experiment, yeast cell aggregates were observed with "snowflake" morphology. These multicellular structures did not disaggregate in EDTA buffer nor urea buffer, which indicates that the Flo proteins are not involved in the aggregation mechanism [50, 51] . A high temperature of 90 • C could also not destroy the aggregates, which confirms that the aggregation mechanism is not flocculin-based, since these flocs can be disaggregated above 60 • C [50] .
A similar morphology of yeast cell clusters was observed when mother/daughter separation was impaired [46] . This phenotype was recently discovered by performing a gravity-based repeated batch evolution experiment with a diploid S. cerevisiae Y55 strain where sedimented cells were collected and cultivated further in a next batch culture [44] . It was demonstrated that these multicellular clusters are uniclonal and appeared as "snowflakes". This phenotype was also obtained in an ALE experiment with a haploid S. cerevisiae CEN.PK113-7D strain using long-term cultivation in sequential batch reactors [45] . It was shown that a frameshift mutation in ACE2-which encodes a transcriptional regulator involved in cell cycle control and mother-daughter cell separation (MDS)-caused the snowflake phenotype. The disruption of the transcription factor Ace2p prevented the splitting of mother and daughter cell [52] , and affected the expression of its targets. One of the targets of Ace2p is Cts1p, which is a chitinase that is required for the degradation of the cell septum. Gene expression of CTS1 was approximately 90% reduced in the evolved strain [45] . Six other genes (DSE4, DSE2, SUN4, DSE1, SCW11, and AMN1) that are regulated by ACE2 were significantly downregulated in the snowflake yeast [46] . These seven downregulated genes are involved in daughter cell separation, many acting directly to degrade the bud neck septum as MDS enzymes [52] [53] [54] [55] . It was shown that ACE2 knockouts formed cellular clusters [45, 53, 56, 57] . The knockout of CBK1 (a serine/threonine protein kinase of the RAM signalling network that regulates localisation and activity of Ace2p and the Ssd1p translation repressor) also results in cell clusters [56, 58, 59] . These results indicate that a lack of the degradation of the septum between the mother and daughter cells could explain the observed multicellular clusters. Whole genome sequencing of the evolved strain that was obtained in the current experiment is necessary to find out if the observed aggregates are the result of (a) mutation(s) in genes involved in MDS, or if mutations in other genes can also result in the snowflake phenotype.
Conclusions
A continuous mini tower fermentor was designed and constructed using a 3D printer. The printed fermentor was biocompatible for yeast cultivation and could be sterilized by autoclaving. The tower fermentor was suitable to perform experimental evolution experiments where gravity acts as the selective pressure, and allowed yeast cells to evolve from planktonic single cells towards cell aggregates. After 14 days of continuous cultivation of a non-flocculating industrial brewer's yeast strain in the fermentor, yeast flocs with a "snowflake" morphology were observed. Yeast floc characterisation showed that the cell-cell interactions in the cell aggregates were not the result of flocculin interactions, but probably the result of (a) mutation(s) in gene(s) that are involved in the mother/daughter separation process. 
A continuous mini tower fermentor was designed and constructed using a 3D printer. The printed fermentor was biocompatible for yeast cultivation and could be sterilized by autoclaving. The tower fermentor was suitable to perform experimental evolution experiments where gravity acts as the selective pressure, and allowed yeast cells to evolve from planktonic single cells towards cell aggregates. After 14 days of continuous cultivation of a non-flocculating industrial brewer's yeast strain in the fermentor, yeast flocs with a "snowflake" morphology were observed. Yeast floc characterisation showed that the cell-cell interactions in the cell aggregates were not the result of flocculin interactions, but probably the result of (a) mutation(s) in gene(s) that are involved in the mother/daughter separation process.
